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Not So Funny Anymore: Minireview
Pacing Channels Are Cloned
inward rectifier (Kir) class channels and low numbers
of nonselective ion channels. In pacing neurons and
cardiac cells, If disturbs this equilibrium by gently nudg-
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Harvard Medical School ing the membrane potential in the depolarizing direction.
Although If appears to be important in pacing in severalBoston, Massachusetts 02115
excitable cell types, it is by no means the only type of
current that controls pacemaker depolarization (Noma,
1996; Wickman et al., 1998).Rhythms are common in our lives. These repetitions
If's small single channel conductance (1 pS; DiFran-of events over characteristic time intervals govern the
cesco, 1986), low density, and control by numerous sig-beating of the heart, sleep cycles, and the release of
nal transduction regulatory pathways allows cells tohormones. Not surprisingly, the first recognition of an
finely tune firing rates. For example, sympathetic stimu-ion current controlling rhythmicity was discovered in
lation doubles cardiac cell firing rate largely through in-heart, the most reliably periodic organ. Now, three
creasing intracellular cAMP. Epinephrine binds b-adren-groups have cloned the genes responsible for pace-
ergic receptors which activate G proteins and, in turn,maker currents (Gauss et al., 1998; Ludwig et al., 1998;
adenylyl cyclase.This enzyme raises the levelof intracel-Santoro et al., 1998). The pacing channel proteins turn
lular cAMP, which presumably directly binds the CNGout to be cousins of voltage-gated K1 channels, and as
region of the If channel protein. As a result, If activityexpected, display properties of the cyclic nuceotide±
increases and depolarization is accelerated. cAMP alsogated nonselective channels, the plant inwardly rectify-
activates protein kinase A, which phosphorylates volt-ing K1 channel, KAT1, and the mammalian HERG K1
age-dependent Ca21 channels and K1 channels, increas-channels. Although three separate names are proposed
ing their activities, speeding depolarization, increasingfor the channel, Hyperpolarization-Activated, Cyclic Nu-
contractility, and shortening the action potential dura-cleotide-Gated K1 (HCN) seems an appropriate abbrevi-
tion. The end result is a significant increase in heart rateation.
and contractility. Similar mechanisms for regulation byThis discovery of pacemaker currents was not as
G protein±linked receptors modulate repetitive firingstraightforward as it might now seem in this age of
rates in neurons (reviewed by Pape, 1996). The role ofpatch-clamp methodologies. The timing of the pace-
cGMP in controlling pacing currents is intriguing butmaker depolarization in heart was at first thought to
less well understood.be controlled by a slow decline in conductance during
Although cyclic nucleotide±gated (CNG) channels werediastole (Weidmann, 1951) that was K1 selective. The
idea of a slowly declining K1 channel conductance was
incorporated into the IK2 current in early models of the
action potential (Noble and Tsien, 1968). Since closing
K1 channels does not depolarize cells above action po-
tential threshold, the explanation of pacing required ad-
ditional inward background currents that were time in-
variant. The first significant revision of these early ideas
about pacemaking currents stemmed from the observa-
tion of a hyperpolarization-activated inward current in
rabbit sinoatrial (SA) nodal cells (Noma and Irisawa,
1976). A nonselective inward current was shown to me-
diate part of adrenaline's acceleration of SA nodal cell
firing (Brown et al., 1979). This current was named If (f
for ªfunnyº) or Ih (h for hyperpolarization activated), and
it replaced IK2 in pacing models (DiFrancesco and Noble,
1979). Neuronal Ih was characterized in rod photorecep-
tors as a cesium-sensitive slow inward current activated
by hyperpolarization (Attwell and Wilson, 1980). The If/Ih
current is inactive at depolarized potentials where action
potentials are firing but is turned on by hyperpolarization
to the pacing range of potentials (280 to 230 mV). Thus,
negative to its equilibrium voltage at 230 mV the current
passes cations into the cell, slowly depolarizing the
membrane potential and deactivating upon continued
depolarization (reviewed by DiFrancesco, 1993).
Figure 1 outlines the role of If in heart and Ih in neurons. Figure 1. Pacing Currents Depolarize Cells between Action Poten-
In most neurons, at hyperpolarized potentials, very little tials in SA Node (If) and Other Cardiac Cells and in Some Nerve
Cells (Ih)current flows across the cell membrane. This equilibrium
is maintained by a balance between relatively few K1 Action potentials in (B) modified from Pape (1996).
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Table 1. Comparison of Pacemaker Channel Clones
mBCNG-1 (HAC-2) HAC1 (BCNG-2)
Clone Proposed HA-CNG1.1 Proposed HA-CNG1.2 SPIH
Reference Santoro et al., 1998 Ludwig et al., 1998 Gauss et al., 1998
Species mouse mouse sea urchin
Amino acids 910 863 767
Mr. not measured not measured 88 kDa
Tissue distribution brain heart, brain (thalamic) testis
t activation 98 ms at 2130 mV 241 ms at 2140 mV not determined
V1/2 z5 mM K1 2100 mV 2100 mV 226 mV
Vrev z5 mM K1 232 mV 232 mV 230 mV
Pk/Pna 4 3.2 1.8
Ka for cAMP/Hill not determined 0.5 mM/0.8 0.74 mM/1.05
coefficient
cAMP-dependent shift 12 mV 112 mV not determined
Ka for cGMP/Hill coefficient not determined 6 mM/1.2 not sensitive
Blocker Cs1o (K1 5 200 mM) Cs1o Cs1o (Ki 5 245 mM)
cloned in 1989 (Kaupp et al., 1989), and many channelol- (Schachtman et al., 1992). In simple channel models, the
protein has three sequential states representing closed,ogists had guessed that If and Ih would be related, it
has taken 10 years to track down this new family. The open, and inactivated pores. Voltage-activated K1 chan-
nels are generally closed at resting membrane poten-problem was undoubtedly that the new clones bear only
28% identity to the CNG channel class found in photore- tials, open as they are depolarized, and then are inacti-
vated. Theoretically, the activation threshold in KAT1ceptor and olfactory cells. The first group to report a
partial clone found it serendipitously, via a yeast two- channels is shifted far negative, so that at resting mem-
branepotential thechannel isalready inactive. Moderatehybrid screen designed to detect proteins interacting
with the neuronal-specific form of Src (Santoro et al., hyperpolarizations might shift the channel states from
inactivated toopen. Since the S4 voltage-sensing region1997, 1998). Essentially the same clone was found via
the EST data base by matching the cyclic nucleotide of the K1 channel is presumed to be responsible for
setting both the activation voltage and steepness ofbinding domain of CNG channels (Ludwig et al., 1998).
By comparing the sequences identified by these two its dependence on voltage, Miller and Aldrich (1996)
replaced positively charged amino acids with neutralgroups, there are at least five separate cDNA clones in
mouse, with only two being adequately characterized. amino acids in the S4 region of Shaker K1 channels and
BCNG-1 (Santoro et al., 1998) is identical to Ludwig and
colleagues' (1998) HAC-2 (except R42G), while BCNG-2
is the same as HAC-1 (except S433F and I589T). HAC-3
(Ludwig et al., 1998) may be a splice variant of Santoro's
BCNG-4. In another approach, a sea urchin sperm li-
brary was screened with degenerate primers of the cy-
clic nucleotide binding region (Gauss et al., 1998). The
expressed HCN proteins (Table 1) and the character-
ized If current have similar properties. Both are ap-
proximately four times more permeant to K1 than Na1
ions and have no significant permeability to anions or
divalent cations. Both are activated at hyperpolarized
membrane potentials. Intracellular cyclic nucleotides,
specifically cAMP and cGMP, directly bind the channel
and increase channel activity. One micromolar concen-
trations of cAMP and roughly 10-fold higher concentra-
tions of cGMP shift the steady-state activation curve
positive by 2±10 mV. It is likely that most of the observed
differences in reversal potentials, kinetics of activation
and deactivation, and cyclic nucleotide sensitivity be-
tween pacing currents observed in various tissues are
explained by the fact that there are several related family
Figure 2. Comparisons of the S4 Voltage-Sensing Regions, Selec-members. Almost certainly, the HCNs form tetrameric
tivity Filters, and Cyclic Nucleotide Binding Regions of HCNcomplexes to make the channel pore, but it will be inter-
(A) Comparison of the S4 voltage-sensing regions of HCN. Under-esting to see if heterotetramers form between members
lined residues are positively charged.within the class and which properties are related to a
(B) Comparison of selectivity filters of HCN. Underlined residuesspecific combination of subunits.
differ from K1-selective channels.
The most unusual feature of If is its activation by hy- (C) Comparison of the cyclic nucleotide binding regions of HCN.
perpolarization. This property is also present in the volt- Underlined residues show areas of diffence between the cAMP-
sensitive HAC-1 and the relatively insensitive BCNG-1.age-gated inwardly rectifying plant K1 channel, KAT1
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progressively shifted activation to more hyperpolarized agents that might find therapeutic niches related to car-
diac and neurologic diseases.potentials. However, although the BCNG-1 and HAC-1
channels display a steep dependence on voltage, and
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pared to voltage-activated delayed rectifier K1 chan-
Attwell, D., and Wilson, M. (1980). J. Physiol. 309, 287±315.nels, no causal mechanism based on HCN comparison
Brown, H.F., DiFrancesco, D., and Noble, S.J. (1979). Nature 280,to the KAT1 S4 domain is apparent. Like the Shaker
235±236.
channel, the HCN proteins have positively charged resi-
DiFrancesco, D. (1986). Nature 324, 470±473.
dues approximately every third position (Figure 2). In
DiFrancesco, D. (1993). Annu. Rev. Physiol. 55, 455±472.the sea urchin sperm HCN channel (SPH-1), one of the
DiFrancesco, D., and Noble, D. (1979). J. Physiol. 297, 158±162.positively charged amino acids is missing, and its volt-
Doyle, D.A., Cabral, J.M., Pfuetzner, R.A., Kuo, A.L., Gulbis, J.M.,age dependence is shifted 74 mV positive relative to the
Cohen, S.L., Chait, B.T., and Mackinnon, R. (1998). Science 280,
other two HCN proteins. Clearly, the coupling of S4's 69±77.
movement to pore gating is poorly understood at pres-
Gauss, R., Seifert, R., and Kaupp, U.B. (1998). Nature 393, 583±587.
ent. Recent results from mutagenesis of KAT1 suggest
Kaupp, U.B., Niidome, T., Tanabe, T., Terada, S., Bonigk, W.,
that the hyperpolarizing shift in the activation curve is Stuhmer, W., Cook, N.J., Kangawa, K., Matsuo, H., Hirose, T., et al.
due to the channel's N-terminal interaction with the S4 (1989). Nature 342, 762±766.
domain (Marten and Hoshi, 1998). Mutagenesis of the Ludwig, A., Zong, X., Jeglitsch, M., Hofmann, F., and Biel, M. (1998).
S4 domain and/or N-terminal domain will likely be Nature 393, 587±591.
among the first followup experiments for the new HCN Marten, I., and Hoshi, T. (1998). Biophys. J. 74, 2953±2962.
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clones, a conserved threonine is replaced by cysteine
just N-terminal to the GYG sequence, and the aspartate
immediately following GYG is replaced by a positively
charged arginine or lysine (Figure 2). The channel may
have lost its selectivity if the result of these mutations
is to make a smaller pore that can coordinate either
hydrated Na1 or K1 ions. Undoubtedly, in the near future
these residues will be mutated to see if specific substitu-
tions at these sites can generate a cyclic nucleotide±
gated K1-selective channel.
Another interesting feature of the HCN clones is the
cyclic nucleotide binding region. Some neuronal Ih cur-
rents have low sensitivity to cyclic nucleotides. Interest-
ingly, the expressed BCNG-1 clone is fairly insensitive
to cAMP, with only a 2 mV shift in the activation curve
upon exposure to high cAMP concentrations, while the
closely related HAC-1 clone exhibits a 12 mV shift. Ex-
amination of the two cyclic nucleotide binding domains
reveals several amino acid differences that may account
for a lower affinity of the BCNG-1 clone for nucleotides
or disruption of the coupling process (Figure 2).
The cloning of the pacemaker current adds to the
large number of cloned and characterized ion channel
cDNAs. It is an especially important addition because
molecular characterization of these channels will be a
key to identifying genetic alterations that may lead to
cardiac arrhythmias, epilepsy, and neurologic disorders.
Finally, of course, this molecular characterization will
provide a new tool for the discovery of pharmacologic
